Hormones are closely associated with dormancy in deciduous fruit trees, and gibberellins (GAs) are known to be particularly important. In this study, we observed that GA 4 treatment led to earlier bud break in Japanese apricot. To understand better the promoting effect of GA 4 on the dormancy release of Japanese apricot flower buds, proteomic and transcriptomic approaches were used to analyse the mechanisms of dormancy release following GA 4 treatment, based on two-dimensional gel electrophoresis (2-DE) and digital gene expression (DGE) profiling, respectively. More than 600 highly reproducible protein spots (P<0.05) were detected and, following GA 4 treatment, 38 protein spots showed more than a 2-fold difference in expression, and 32 protein spots were confidently identified according to the databases. Compared with water treatment, many proteins that were associated with energy metabolism and oxidation-reduction showed significant changes after GA 4 treatment, which might promote dormancy release. We observed that genes at the mRNA level associated with energy metabolism and oxidation-reduction also played an important role in this process. Analysis of the functions of the identified proteins and genes and the related metabolic pathways would provide a comprehensive proteomic and transcriptomic view of the coordination of dormancy release after GA 4 treatment in Japanese apricot flower buds.
Introduction
Dormancy of deciduous fruit trees in temperate zones is a phase of development that allows trees to survive unfavourable conditions during winter (Faust et al., 1991) . This period is sensed by the accumulation of chilling hours, leading toprotected or orchard cultivation in the southern areas of China. In addition, the southern areas of China frequently have warm winters, and the chilling requirement of some Japanese apricot cultivars cannot be adequately satisfied, requiring growers to apply dormancy-breaking reagents to obtain uniform flowering. This situation is caused by irregular lateral bud endodormancy release, possibly due to global warming (Sugiura et al., 2007) . As a result, the genetic factors that control endodormancy have been investigated, to try to understand the molecular basis of endodormancy regulation in temperate fruit tree species, which might lead to the artificial control of endodormancy through spraying with dormancy-breaking reagents.
Several chemicals can be used to induce bud break of deciduous fruit trees in areas lacking sufficient chilling conditions. Hydrogen cyanamide (Dormex), potassium nitrate (KNO 3 ), and mineral oil have a synergistic effect on bud break, as well as some of the chemical constituents of many deciduous fruit trees (Sagredo et al., 2005; de Oliveira et al., 2008; Sabry et al., 2011) . Gibberellins (GAs) are particularly important, and might function in the timing of dormancy establishment and chilling-induced release (Schrader et al., 2004) . Exogenous applications of GAs often induce dormancy break in a wide variety of woody angiosperms (Looney, 1997) . Saure (1985) also reported that GA application can substitute for chilling in dormancy release.
Recent studies have suggested that bud burst is dependent on sufficient GA levels, and that a reduction in active GAs rather than reduced GA sensitivity plays a major role in growth cessation (Hoffman, 2011) . Some evidence also indicates that GA biosynthesis genes are induced by long-term chilling exposure in dormant buds and are therefore associated with the acquisition of growth ability (Rinne et al., 2011) . Barros et al. (2012) suggested that a change in GA metabolism results from the differential regulation of at least PdGA20OX and PdGA2OX after flower bud break. Populus trees with lower levels of active GAs due to overexpression of the catabolic enzyme GA 2-oxidase or impaired perception by overexpression of GA INSENSITIVE or RGA-like receptors, showed early bud set and late bud burst (Zawaski et al., 2011) . In addition, cold night temperatures combined with the inhibition of GA accumulation were sufficient to induce ecodormancy and bud set in PHYA overexpressing poplar lines (Mølmann et al., 2005) . Rinne et al. (2011) reported that GA application can substitute for chilling in dormancy release, suggesting that chilling recruited GA in dormant buds and that a different response of GA 3 and GA 4 occurred in dormancy break, and that only GA 4 induced bud burst (Rinne et al., 2011) . The consequences of the expression of GA biosynthesis genes have been studied in bud burst, but the interplay between GA 4 treatment with gene expression, protein synthesis, and activation in causing physiological changes remains to be elucidated.
Many researchers have studied the mechanism of dormancy in deciduous fruit trees using suppression subtractive hybridization, which is limited in terms of how many genes can be explored relating to this process (Leida et al., 2010; Li et al., 2011) . Increasing numbers of studies have begun to apply custom microarray or transcript profiling to investigate the mechanism of dormancy in perennial plants (Mazzitelli et al., 2007; Mathiason et al., 2009; Hedley et al., 2010) . With the development of 'omic' technologies, such as transcriptomics, metabolomics, and proteomics, these have been used in combination to reveal the complexity of the physiological processes and to develop a comprehensive understanding of other physiological processes in fruit trees, such as growth and development.
To date, reports concerning the mechanism of dormancy release following treatment with GA 4 have been limited at both the proteomic and the transcriptomic levels. This study aimed to investigate the promotive effect of GA 4 treatment on dormancy release at the proteomic and transcriptomic levels, based on two-dimensional gel electrophoresis (2-DE) and digital gene expression (DGE) profiling. The characterization of these proteins and genes clearly reflected the dynamic changes in protein and gene expression patterns in Japanese apricot during the dormancy period and dormancy release when treated with GA 4 , hence increasing our knowledge of the complex mechanisms that regulate dormancy.
Materials and methods

Plant material and treatment
The Japanese apricot (Prunus mume Sieb. et Zucc) cultivar used in this study was 'Bungo', a late-flowering cultivar, which is grown in the 'National Field Genebank for Japanese apricot', located in Nanjing, Jiangsu Province, China. Long 1-year-old branches were cut from 'Bungo' trees on 16 December 2011 , 23 December 2011 , and 30 December 2011 was supplied to the buds at a concentration of 100 μM GA 4 via the stem vasculature and not directly onto the bud according to the method described by Rinne et al. (2011) . Their basal parts were placed in water containing GA 4 or in water without GA 4 as a control and incubated in a growth chamber. The branches were maintained at 25 ± 1 °C under white fluorescent tubes (55 μmol m −2 s −1 ) with a 16:8 h light:dark photoperiod at 18 ± 1 °C and a constant relative humidity of 70%. After 2 d, the solution was changed and the basal branches were recut. The branches were maintained in the growth chamber for 10 d to test the percentage of Japanese apricot flower bud break. According to the classification of different phenological growth stages described by Baggiolini (1952) with some slight modifications, when 50% of the flower buds on the branch cuttings were in the green tip stage ( Supplementary Fig. S1 at JXB online), we considered the flower buds to have broken endodormancy. More than 120 flower buds were measured in each treatment. Flower buds were collected from the middle portions of the branches at 0 and 10 d after treatment and were immediately frozen in liquid nitrogen and stored at -70 °C for further use. The flower buds of Japanese apricot collected on 30 December 2011 were used for protein analysis. A GA 4 or water treatment at 0 d from this date was used as a control; the GA 4 treatment after 10 d was termed G10 and the water treatment after 10 d was W10. We used the flower buds of Japanese apricot collected on 30 December 2011 for DGE and quantitative reverse transcription-PCR (qRT-PCR) analysis, and selected the flower buds treated with GA 4 or water after 0 d as the control and the flower buds treated with GA 4 after 10 d. designated as A. to study the transcriptomic changes. Three replicates were used as follows: three trees were used as the plant material and three branches were cut from each tree. Two additional branches from the same tree were used as another two replicates. We mixed the flower buds of three trees to conduct the subsequent proteomic and transcriptomic study ( Supplementary  Fig. S2 at JXB online).
Protein extraction and quantification
Protein extraction was performed according to the trichloroacetic acid/acetone precipitation method, as described by Zhuang et al. (2011) . Briefly, ~0.7 g of flower bud powder was homogenized in 5 ml cold acetone [containing 10% trichloroacetic acid and 0.07% dithiothreitol (DTT)] and then precipitated overnight at -20 °C. The homogenate was centrifuged at 15 000g for 0.5 h at 4 °C. The pellet was washed with 5 ml of cold acetone (containing 0.07% DTT) and recentrifuged at 15 000g for 0.5 h at 4 °C. The centrifugation steps were repeated until the supernatant was colourless, and the pellet was then air dried at 4 °C and stored at -70 °C for further use. The protein powder was resuspended in sample rehydration buffer [7 M urea, 4% (w/v) CHAPS, 65 mM DTT, 0.2% (v/v) 3-10 and 4-7 ampholytes (Amersham), 2 M thiourea, and 0.001% bromophenol blue]. The protein concentration was determined according to the method described by Bradford (1976) .
2-DE gels and staining
Sample aliquots containing 1.3 mg of proteins were applied to 17 cm ReadyStrip IPG Strips (Bio-Rad), and isoelectric focusing was performed on a PROTEAN isoelectric focusing system (Bio-Rad) for a total of 60 kVh at 19 °C. After isoelectric focusing, the strips were equilibrated for 15 min in equilibration solution I [6 M urea, 0.375 
Image acquisition and data analysis
The stained gels were scanned using a Versdoc 3000 scanner (BioRad), and analysed using the PDQuest 8.0 software (Bio-Rad). Each gel was analysed for image filtration, spot detection and intensity quantification, background subtraction, spot matching, and quantitative intensity measurement. Briefly, images were properly cropped and optimized with advanced crop. Then, we chose the 'control' as a master gel, and spots in the master gel were matched across all other treatment gels. The protein spots were detected using the following parameters: sensitivity 8.31, size scale 9, min peak value 553, vertical streaking 57, horizontal streaking 68, and large spot size 67 × 57. Each image was checked manually to remove false spots and to add missed spots. Sixty landmark spots, which were well resolved and present in all members of the matchset, were used to align and position all members of the matchset. The spot patterns of the different gels were automatically matched to each other, and each spot was given a unique identification number (SSP). Following matching, all gel spots were normalized by the local regression model (LOESS) method. The replicate gels used for making the matchset had a correlation coefficient value of at least 0.8. The spots that were present on at least two gels of one treatment or the control based on the image analysis were identified as expressed protein spots. Quantitative analyses were carried out after normalizing the spot quantities [as spot optical density (OD)] in all gels in order to compensate for gelto-gel variations due to loading, gel staining, destaining, and imaging, and the individual protein spot quantities were normalized as a percentage of the total quantity of valid spots present in the gel. For each protein spot, the mean spot quantity value and its variance coefficient in each group was determined. A quality score of <30 was adopted to define low-quality spots, which were eliminated in further analysis (Bhushan et al., 2007) , and the saturated spots were also removed. Quantitative comparisons of the gels between different treatments were used to determine significantly differentially expressed spots, and only spots that showed at least a 2-fold change in expression and that were statistically significant in a one-way analysis of variance (P<0.05) that tested for reproducible changes in three analytical replicates were considered for subsequent analysis. Principal component analysis was also performed to show the significance among the differential expressed proteins. Experimental molecular weights (MW) and isoelectric points (pI) were calibrated according to the MW marker proteins.
Protein identification and database search
Protein spots of interest were washed with 25 mM NH 4 HCO 3 followed by dehydration with 50% acetonitrile in 25 mM NH 4 HCO 3 , reduction with 10 mM DTT in 50 mM NH 4 HCO 3 for 1 h at 56 °C, and alkylation in 55 mM iodoacetamide in 50 mM NH 4 HCO 3 for 1 h at room temperature. The protein spots were washed several times with 50 mM NH 4 HCO 3 followed by dehydration with acetonitrile before finally being dried in a vacuum centrifuge and digested overnight at 37 °C by the addition of 1.5 ml of trypsin. The resulting peptides were extracted by washing the protein spots with 0.1% trifluoroacetic acid in 67% acetonitrile and analysed using a 4800 matrix-assisted laser desorption/ionization time-of-flight/ time-of-flight (MALDI-TOF/TOF) Proteomics Analyzer (Applied Biosystems). The HCCA matrix was used for the mass spectrometry (MS) analyses.
An MS/MS ion search was performed using GPS Explorert™ software v3.5 (Applied Biosystems) in a local library built from the entire peach proteome database (http://www.rosaceae.org/node/355; PPA database, 28 702 sequences and 11 557 397 residues) using the MASCOT search engine v3.5 (Matrix Science, London, UK). If no credible candidate could be matched, the NCBI nr 20120421 database (17 910 093 sequences, 614 7033 692 residues) was then searched. The search parameters were taxonomically restricted to the Viridiplantae and to one missed cleavage, 50 ppm mass tolerance in MS, and 0.2 Da in MS/MS, cysteine carbamidomethylation as a fixed modification, and methionine oxidation as a variable modification. A total ion score in the PPA database or in the NCBI nr 20120421 database that significantly (P<0.05) exceeded the MASCOT identity or extensive homology threshold indicated successful protein identification. If a spot was identified in both of the databases, we used the higher MOWSE score to positively identify the protein and/or peptide. When the two proteins had the same MOWSE score, information such as the number of matched peptides (≥2), sequence coverage, MW, and pI were considered to select the protein of interest from them. The proteins that had a higher MOWSE score, more matched peptides (≥2) and sequence coverage, and a better correlation between experimental and theoretical MW and pI in the sequence were accepted as being unambiguously identified.
Total RNA extraction Total RNA was extracted from frozen flower bud material of Japanese apricot (100 mg) using a cetyltrimethyl ammonium bromide method (Pavy et al., 2008) with some modifications. Genomic DNA contamination was removed with RNase-free DNase I (TaKaRa), according to the manufacturer's instructions. The RNA concentration was calculated from the absorbance at 260 nm (A 260 ) with a BioPhotometer (Eppendorf). Purity was verified by an A 260 /A 280 ratio of between 1.80 and 2.05, and A 260 /A 230 nm values ranging from 2.00 to 2.60; the integrity was evaluated by electrophoresis on ethidium bromide-stained 1.0% agarose gels. The RNA of the Japanese apricot flower bud was stored at -70 °C until further use.
DGE profile
The DGE process includes sample preparation and sequencing. The main instruments used were the Illumina Cluster Station and the Illumina HiSeq™ 2000 System, and the main reagents and supplies were the Illumina Gene Expression Sample Prep Kit and the Solexa Sequencing Chip (flow cell). Samples (20 μg) of the total RNA of Japanese apricot flower buds were sent to BGI-Shenzhen (China) for further analysis according to their pipeline experiment (Supplementary Fig. S3 at JXB online). Six micrograms of total RNA was extracted, and oligo(dT) magnetic bead adsorption was used to purify the mRNA; oligo(dT)s were then used as primers to synthesize the first-and second-strand cDNA. The 5′ ends of tags could be produced by two types of endonuclease: NlaIII or DpnII. The bead-bound cDNA was subsequently digested by the restriction enzyme NlaIII, which recognized and cut the CATG sites. The fragments (except for the 3′ cDNA fragments) connected to oligo(dT) beads were washed away and the Illumina adaptor 1 was ligated to the sticky 5′ end of the digested bead-bound cDNA fragments. The junction of the Illumina adaptor 1 and the CATG site was the recognition site of MmeI, which is a type of endonuclease with separate recognition and digestion sites. This enzyme cut 17 bp downstream of the CATG site, producing tags with adaptor 1 ends. After removing 3′ fragments with magnetic bead precipitation, the Illumina adaptor 2 was ligated to the 3′ ends of tags, acquiring tags with different adaptors at both ends to form a tag library. After 15 cycles of linear PCR amplification, 105 bp fragments were purified by 6% TBE-PAGE gel electrophoresis. After denaturation, the single-chain molecules were fixed onto the Illumina Sequencing Chip (flow cell). Each molecule grew into a single-molecule cluster sequencing template through in situ amplification, and four types of nucleotides that were labelled with four colours were added before sequencing was performed using the method of sequencing-by-synthesis. Sequencing-by-synthesis technology uses four fluorescently labelled nucleotides to sequence the tens of millions of clusters on the flow cell surface in parallel. During each sequencing cycle, a single labelled dNTP is added to the nucleic acid chain. The nucleotide label serves as a terminator for polymerization, so that after each dNTP incorporation, the fluorescent dye is imaged to identify the base and then cleaved enzymatically to allow incorporation of the next nucleotide. As all four reversible terminator-bound dNTPs (A, C, T, and G) are present as single, separate molecules, natural competition minimizes incorporation bias. Base calls are made directly from signal intensity measurements during each cycle, which greatly reduces raw error rates compared with other technologies. The end result is highly accurate base-by-base sequencing that eliminates sequence-context-specific errors, enabling robust base calling across the genome, including repetitive sequence regions and within homopolymers. Each tunnel generated millions of raw reads with a sequence length of 49 bp.
Analysis and screening of DGE data
Sequencing-received raw image data were transformed by base calling into sequence data, which are called raw data or raw reads, and were stored in FASTQ format. Information about read sequences and quality is stored in this type of file; each read is described in four lines in FASTQ files. Clean tags were generated by removing the 3′ adaptor sequence, empty reads (reads with a 3′ adaptor sequence but no tag), low-quality tags (tags with unknown N′ sequences), tags that were too long or too short, and tags with a copy number of one. All tags were annotated using the database provided by Illumina. Briefly, a virtual library was constructed containing all of the possible CATG+17 base length sequences of the reference gene sequences obtained from the peach genome and transcriptome. All clean tags were mapped to the reference sequences and only 1 bp mismatches were considered. Clean tags that mapped to reference sequences from multiple genes were filtered. The remaining clean tags were designated as unambiguous clean tags, and the number of these was calculated for each gene and then normalized to the number of transcripts per million clean tags ('t Hoen et al., 2008; Morrissy et al., 2009) . Genes expressed differentially in two samples were analysed as described previously (Audic and Claverie, 1997) . We used a false discovery rate of ≤0.001 and the absolute value of |log 2 ratio|≥1 as the threshold upon which to judge the significance of gene expression differences. More stringent criteria with smaller false discovery rates and greater fold-change values can be used to identify differentially expressed genes. The statistical analysis was performed on the DGE data using SPSS software, with the threshold for P values set as 0.05.
qRT-PCR validation
The expression of candidate genes was determined using qRT-PCR. A sample of total RNA (1 μg) was reverse transcribed for first-strand cDNA synthesis using a ReverTra Ace qPCR RT Kit (Toyobo), according to the manufacturer's instructions. Genespecific primers were designed using Primer Premier 5.0 software according to the sequence of the target gene in the PPA database (Supplementary Table S1 at JXB online). qRT-PCR was carried out on an Applied Biosystems 7300 Real Time PCR System with a 20 μl reaction volume, containing 1 μl of 10-fold-diluted cDNA, 0.3 μl (10 pM) of each primer, 10 μl of SYBR® Premix Ex Taq™ (Perfect Real Time; TaKaRa). and 8.4μl of sterile double-distilled water. The thermal cycling program was 95 °C for 3 min, followed by 40 cycles of 95 °C for 25 s, 62 °C for 25 s, and 72 °C for 40 s. RNA polymerase II was used to normalize gene expression (Tong et al., 2009) . The relative expression levels of genes were analysed using the 7300 system software and the 2 -ΔΔCt method, which represents the difference of the cycle threshold (C t ) between the control RNA polymerase II products and target gene products. Data analyses were conducted using SPSS version 17.0 statistical software. Triplicate samples were used for qRT-PCR.
Correlation analysis of proteomics and transcriptomics
The correlation analysis of proteomics and transcriptomics included the results of the transcription analysis and the protein 2-DE analysis to assess the potential relevance of quantitative information between genes and proteins. As the number of differentially expressed proteins was very limited, the correlation analysis was conducted between differentially expressed proteins and genes in the whole library. Figure 1 shows the effect of GA 4 treatment on the bud dormancy release of Japanese apricot. Compared with the water treatment, GA 4 treatment promoted the rate of bud burst in Japanese apricot. After applying GA 4 on 30 December 2011, the percentage of Japanese apricot flower buds that had burst after 10 d reached 60%, which indicated that they had released their dormancy. However, the percentage after 10 d of water treatment only reached 20%, indicating that these samples were in the endodormancy stage. Irrespective of whether GA 4 was applied, Japanese apricot flower buds were always in the endodormancy stage prior to 30 December 2011, but the rate of bud burst following GA 4 treatment was much higher than in the water treatment. By 17 February 2012, the percentage of budburst after 10 d of water treatment reached 70% (data not shown), which was 49 d later than for buds treated with GA 4 .
Results
GA 4 treatment can lead to earlier and higher bud-break levels
2-DE analysis of Japanese apricot flower buds after GA 4 treatment
To explore further the effect of GA 4 treatment on the rate of bud dormancy release in Japanese apricot, a proteomic approach was applied. About 600 highly reproducible protein spots were consistently observed in all replicates after image analysis, with the pI and MW ranging from 4.0 to 7.0 and 14.4 to 70.0 kDa, respectively ( Fig. 2 and Supplementary Fig. S4 at JXB online). From these, 49 differentially expressed spots (P<0.05) were selected for excision and analysed using MALDI-TOF/TOF. Finally, 42 protein spots were confidently identified according to the databases (Tables 1 and 2, and Supplementary Tables S2 and S3 at JXB online). Magnified views of some of the numbered protein spots showing differential expression are highlighted in Fig. 2 .
According to the metabolic and functional features described in KEGG pathways, gene ontology annotations, and the literature concerning the identified proteins or their homologies, the identified proteins could be classified into seven categories as follows: stress and defence, energy metabolism, protein metabolism, cell structure, signalling and transcription, oxidation-reduction, and unclassified (Fig. 3A) . After GA 4 treatment, 32 protein spots showed differential expression, including those of stress and defence (five, 15.6%), energy metabolism (seven, 21.9%), protein metabolism (six, 18.8%), cell structure (three, 9.4%), signalling and transcription (one, 3.1%), oxidation-reduction (nine, 28.1%), and unclassified (one, 3.1%) in G10 (Fig. 3A) . When compared with the control, there were six downregulated protein spots, 24 upregulated protein spots, and two protein spots that were specifically expressed at 10 d after GA 4 treatment (Tables 1). In contrast, stress and defence (five, 33.3%), energy metabolism (three, 20.0%), protein metabolism (two, 13.3%), signalling and transcription (one, 6.7%), oxidation-reduction (three, 20.0%), and unclassified (one, 6.7%) comprised 15 protein spots expressed differentially with water treatment (W10; Fig. 3A) . After 10 d of water treatment, two protein spots were downregulated, and 13 protein spots were upregulated compared with the control (Table 2) .
After 10 d of GA 4 treatment, there were 38 differentially expressed spots, 32 of which were confidently identified according to the databases. After 10 d of water treatment, 15 protein spots were differentially expressed. Five protein spots were differentially expressed in both GA 4 treatment and water treatment, and had similar expression trends (Tables 1 and 2 ). The Mal d1 homologue (spot 1) showed a decrease in expression, whereas the other four protein spots (spots 8, 23, 28, and 36) showed an increase in expression in both treatments (Tables 1 and 2 ). There were more proteins associated with energy metabolism and oxidation-reduction that were differentially expressed after the GA 4 treatment compared with the water treatment. Therefore, proteins associated with energy metabolism and oxidation-reduction may play an important role in dormancy release after applying GA 4 . 
DGE profiling of specific genes in response to dormancy break by GA 4
To understand further the effect of GA 4 on dormancy release in Japanese apricot, the regulation of gene expression was investigated using comparative DGE profiling analysis. After filtering dirty tags from the raw data, a total of 3 391 578 and 3 244 431 clean tags that corresponded to 163 411 and 168 839 distinct tags for the GA 4 treatment on 30 December 2011 in the control and A libraries were obtained, respectively (Supplementary Table S4 at JXB online). There were 1176 differentially expressed genes, 668 and 508 of which were up-or downregulated after GA 4 treatment (Fig. 4 and Supplementary Table S5 at JXB online). After treatment with GA 4 , the differentially expressed genes were categorized into three functional groups: molecular function, cellular component, and biological process (Fig. 3B) . The significant enrichment categories according to molecular function were structural molecule activity (49) and oxidoreductase activity (139) (Fig. 3B) . The genes were classified on the basis of cellular components into plastid (170), organelle part (174), intracellular organelle part (146), cytoplasmic part (272), cytoplasm (272), and macromolecular complex (103). On the basis of biological processes, the generation of precursor metabolites and energy (33) and carbon fixation (8) were the major categories. Consistent with the proteomic data, many genes belonging to oxidoreductase activity, generation of precursor metabolites, and energy and carbon fixation were differentially expressed (Fig. 3B ). This analysis allowed the major biological functions of differentially expressed genes to be determined. Pathway-based analysis was undertaken to understand further the biological functions of these genes. Using pathway enrichment analysis it was possible to determine which metabolic and signal transduction pathways the differentially expressed genes were associated with. The pathways with the most unique sequences were 'metabolic' (218) and 'ribosome' (48) pathways ( Supplementary Fig. S5 at JXB online). These analyses improve our understanding of the effect of GA 4 on promoting dormancy release in Japanese apricot, and genomic manipulation of these genes might be important in being able to manipulate the state of dormancy.
To confirm the reliability of the Solexa/Illumina sequencing technology, the genes encoding the following 12 proteins were randomly selected for qRT-PCR assays as follows: β-galactosidase (ppa020752), histone superfamily protein (ppa013173), β-amylase 6 (ppa004334), tubulin β8 (ppa004884), glutathione S-transferase TAU 10 (ppa025728), aldehyde dehydrogenase 3I1 (ppa005609), ATPase, F1 complex, OSCP/δ subunit protein (ppa1027122), chitinase A (ppa026927), gibberellin-regulated family protein (ppa024899), actin-related protein 5 (ppa002045), dormancyassociated protein-like 1 (ppa013510), and late embryogenesis abundant protein (LEA) family protein (ppa011378). The results showed that the expression of 11 genes was consistent between the qRT-PCR and the DGE analyses, while that of the gene encoding the gibberellin-regulated family protein (ppa024899) was inconsistent ( Supplementary Fig. S6A , B at JXB online).
Correlation analysis of proteomics and transcriptomics
This study identified a correlative element between the proteins identified in the proteomics analysis and the genes quantified in the transcriptomics analysis, which showed that the number of relationships in protein analysis was 19, accounting for 65.52 and 0.16% of the 29 differentially f Average fold change: spot abundance is expressed as the ratio of intensities of upregulated or downregulated proteins between the water treatment after 0 and 10 d. Fold changes had P values<0.05. In this column, '+' means upregulated, '-' means downregulated, and '+0' means that this protein only appears at 10 d after water treatment.
expressed proteins, and both 29 differentially expressed proteins and 12 067 genes, respectively (Supplementary Fig. S7 and Supplementary Table S6 at JXB online). Among these 19 protein spots, there were 15 upregulated protein spots and four downregulated protein spots, and the expression trend of five proteins (spots 2, 6, 23, 28, and 35) was consistent with that of the corresponding genes after GA 4 treatment, while the expression of the remaining 14 protein spots was inconsistent with that of the corresponding genes. We also conducted a correlation analysis between the differentially expressed proteins and genes in the whole library; the correlation coefficient was determined as -0.2784 (Fig. 5) , which indicated a negative directional correlation between the mRNA and protein abundance ratios, although there was a relatively weak correlation. Principal component analysis of the whole library gene expression, differential expression genes, and differential expression proteins was also conducted in our study, which showed significance between the up-/downregulated genes/ proteins and the expressed genes/proteins in the three data sets ( Supplementary Fig. S8 at JXB online). In the DGE data, genes encoding manganese superoxide dismutase, peroxidase superfamily protein, copper/zinc-superoxide dismutase, and ascorbate peroxidase 1 were also differentially expressed after GA 4 treatment. The proteins of spots 23 and 28 and the corresponding genes had a consistent increase in expression after GA 4 treatment. However, the expression trends between proteins and the corresponding genes (spots 27 and 30) were inconsistent after GA 4 treatment. The main focus of the study was the 42 differentially expressed proteins and related genes. Many genes in the DGE database, such as those encoding β-galactosidase 7 (ppa020752), β-1,3-glucanase 1 (ppa008126), gibberellin 2-oxidase 6 (ppa008310), cold-regulated 47 (ppa005514), histone superfamily protein (ppa013173), and dormancyassociated protein-like 1 (ppa013510), were also important in dormancy release of Japanese apricot after GA 4 treatment. Furthermore, there were many other differentially 
Discussion
Proteins and genes associated with energy metabolism play an important role in dormancy release
The transition from dormancy to active bud growth is accompanied by numerous molecular and biochemical changes, including changes in carbohydrate metabolism (Maurel et al., 2004) . Many studies have suggested that bud meristems require sufficient energy from the underlying tissue to sustain bud growth at the time of dormancy release. Recently, several proteomic and transcriptional results have shown that energy metabolism is a prerequisite for leaf and flower development, including dormancy release (Bi et al., 2011; Prassinos et al., 2011; Zhuang et al., 2012) . In this study, nine proteins associated with dormancy release of Japanese apricot buds, following both water and GA 4 treatment, were involved in energy metabolism, accounting for 18.4% of the differentially expressed proteins (49). The majority of these were proteins involved in glycolysis (triosephosphate isomerase, d-3-phosphoglycerate dehydrogenase, aldolase superfamily protein) and the tricarboxylic acid cycle (ribulose 1,5-bisphosphate carboxylase). In plants, the glycolysis/tricarboxylic acid cycle is the main biochemical pathway that provides plant mitochondria with pyruvate, supporting plant respiration and the biosynthesis of numerous essential metabolic compounds. Or et al. (2000) observed that alcohol dehydrogenase was involved in anaerobic respiration and was induced in response to respiratory stress in grape buds after hydrogen cyanamide treatment; they also found that respiratory interference, possibly a change in the AMP:ATP ratio, was involved in dormancy release. The results of this study have also demonstrated that energy metabolism is one of the most important factors associated with bud dormancy release. Compared with water treatment, many proteins associated with energy metabolism were differentially expressed. In the DGE database, many genes were also involved in energy metabolism. Therefore, GA 4 stimulated the activity of genes and proteins involved in energy metabolism, which might lead to earlier dormancy break in the Japanese apricot bud (Fig. 6 ). Bi et al. (2011) suggested that glutamine synthetase probably plays an important role in cell proliferation and differentiation in the bud of Pinus sylvestris L. var. mongolica litv. In this study, spot 16 was identified as glutamine synthetase, the expression level of which increased 2.43-fold after GA 4 treatment for 10 d compared with GA 4 treatment at 0 d. Therefore, glutamine synthetase might increase cell proliferation and differentiation during GA 4 treatment and subsequently play a specific role in breaking the dormancy of the Japanese apricot bud.
Protein metabolism
Elongation factor 1 (EF-1), a component of the protein synthesis machinery, is a prerequisite for maintaining rapid cell division and protein synthesis in tissues such as meristematic tissues or somatic embryos (Yang et al., 2005) . Pawłowski (2007) suggested that initiation and elongation factors might play a major role in beech seed dormancy release and be responsible for protein synthesis and cell division in the root meristem. However, the same author also considered that elongation factor EF-Tu was part of the plastid translational apparatus and probably took part in the build-up of the photosynthetic system during germination. In this study, elongation factor Tu (ISS) (spot 17) increased 2.65-fold when comparing the results of GA 4 treatment after 10 and 0 d, which indicated that it might play an important role in breaking the dormancy of Japanese apricot buds after GA 4 treatment.
Oxidation-reduction processes involving many proteins and genes might be part of the mechanism that leads to bud break
Many researchers have suggested that oxidative stress is an important part of the process of dormancy release, and that the antioxidant defence system, including glutathione peroxidase, superoxide dismutase, ascorbate peroxidase, and peroxidase superfamily protein, play a pivotal role in dormancy release (Or et al., 2000; Mazzitelli et al., 2007; Halaly et al., 2008; Prassinos et al., 2011) . In this study, many oxidationreduction proteins, mainly comprising glutathione peroxidase 6 (spot 22), superoxide dismutase (spots 23 and 28), peroxidase superfamily protein (spot 27), and ascorbate peroxidase (spots 24, 25, 26, and 30) after GA 4 treatment were differentially expressed. Spots 24, 25, and 30 were downregulated, but spot 26 was upregulated after 10 d of GA 4 treatment. Two reasons might account for this: one is that different spots were identified as the same protein, corresponding either to posttranslational modification of the same protein, alternative splicing, and the occurrence of multigene families, or to various isoforms; another was the subcellular localization of the different spot proteins. Prassinos et al. (2011) observed that peroxidase, which generates H 2 O 2 by NADH oxidation, was upregulated in vegetative buds of peach, and Zhuang et al. (2012) observed that the decrease in APX I as a signalling molecule during dormancy release might regulate consecutive dormancy release and bud break in Japanese apricot. Many studies have indicated that bud dormancy release coincides with an upregulation of the antioxidant system (Mazzitelli et al., 2007; Prassinos et al., 2011) . Consistent with this, most proteins associated with oxidation-reduction after GA 4 treatment were upregulated during dormancy release, except for APX I. Halaly et al. (2008) suggested that a decrease in free-radical levels was required for the termination of dormancy and the induction of bud break. Perez and Lira (2005) observed a transient increase in H 2 O 2 levels preceding the release of endodormancy in buds of grapevine treated with hydrogen cyanamide, a catalase inhibitor. Prassinos et al. (2011) suggested that the transient peak of H 2 O 2 preceding dormancy release can act as a signalling molecule to trigger the transition from dormancy to bud break. Increasing evidence has shown that oxidative stress might play a role in endodormancy release in perennials (Or et al., 2000; Arora et al., 2003; Or, 2009) . In this study, nine proteins associated with oxidation-reduction after GA 4 treatment and three proteins after water treatment were differentially expressed. Spots 23 and 28 showed an increased expression trend following both GA 4 and water treatment. In the DGE database, 139 genes were related to oxidoreductase activity (Fig. 3B) . Therefore, we hypothesized that GA 4 application might lead to the development of oxidative stress and to subsequent dormancy break earlier than in the water treatment (Fig. 6 ).
Proteins and genes associated with cell structure
Importantly, three proteins associated with cell structure (spots 31, 32, and 33), were identified in this study. α-Tubulin In this model, after GA 4 treatment, signal reception, including Ca 2+ signalling, ROS signalling, and hormone signalling modulate the expression of many kinds of genes and proteins, which include SD (stress and defence), PM (protein metabolism), OR (oxidation-reduction), EM (energy metabolism), CS (cell structure), (TUA), which constitutes the plant cytoskeleton, is an important component of microtubules (Goddard et al., 1994) . TUAs have been shown to be modulated by drought, abscisic acid and GA 3 in an isoform-specific manner (Marino et al., 2009; Hashim et al., 2010) . Proteomic analysis of Arabidopsis seeds showed that α-2,4-tubulin, a cytoskeleton component, appears to depend on the action of GA during germination. Paul et al. (2012) observed that all the CsTUA of the tea they studied exhibited upregulation during winter dormancy. Zhuang et al. (2012) showed that the tubulin α-2 chain had a high expression level during winter dormancy, and subsequently declined during dormancy release. In the present study, the tubulin α-2 chain (spot 31) was upregulated 3.58-fold after GA 4 treatment. In contrast, there was no significant change after water treatment. Therefore, GA 4 application might promote cell division and cell elongation, which contribute to dormancy break in Japanese apricot buds. Pang et al. (2007) suggested that calcium signalling is involved in the mechanism of bud dormancy release in grape. Calreticulin, a major Ca 2+ -sequestering protein, might play an important role in signal transduction cascades by affecting Ca 2+ homeostasis during developmental regulation (Shen et al., 2003) . In beech seeds, calreticulin, is an important component of the GA signalling pathway and might play an important role in the hormone signal transduction cascades that lead to dormancy breaking and germination (Shen et al., 2003; Pawłowski, 2007) . In this study, both calreticulin 1a (spot 35) and its corresponding gene were downregulated after GA4 treatment. Spot 35 had a differential expression after GA 4 treatment and showed no significant change after water treatment, and might thus play an important role in the dormancy release of Japanese apricot.
Proteins and genes associated with signalling and transcription
In our study, the expression trends between proteins and the corresponding genes (spots 27 and 30) were inconsistent after GA 4 treatment. Many reasons can lead to this phenomenon: first, the lack of changes in protein abundance in these genes might be due to post-translational (down)regulation of the protein activity to avoid a de novo cycle of synthesis after the stress is relieved; secondly, the time course of the decline differs between mRNAs and proteins and does not allow monitoring of changes at the protein level at the observed time point; thirdly, transcript regulation may be 'unwanted' but unavoidable for a subset of mRNAs, due to the broad action of trans-acting factors, while protein abundance remains stable, being controlled by post-translational mechanisms.
Conclusions
Exogenous applications of GA 4 induced dormancy break, and many genes associated with GA metabolism, such as GA20OX and GA2OX, were found to have a significant alteration in expression. Globally, our results suggested an important role for proteins and genes involved with energy metabolism and oxidation-reduction after GA 4 treatment in the coordination of dormancy break in Japanese apricot flower buds at the proteomic and transcriptomic levels. The results of this study provide a global picture of protein accumulation and changes in gene expression in the dormancy of Japanese apricot flower buds following GA 4 treatment. Supplementary Table S2 . The matched peptide sequences and corresponding m/z ratio of the 42 identified proteins in our study.
Supplementary Table S3 . Three replicates data sets of protein spot expression value in the control, G10 and W10 in our study.
Supplementary Table S4 . Summary statistics of DGE tags in Japanese apricot after GA 4 treatment in the control and A libraries.
Supplementary Table S5 . The up-and downregulated genes in Japanese apricot after GA 4 treatment (10 d).
Supplementary Table S6 . Correlation between the differentially expressed proteins and genes in the whole library.
